Marijuana (MJ) acutely acts on cannabinoid receptors that are found in numerous brain regions, including those involved in reward processing and decision-making. However, it remains unclear how long-term, chronic MJ use alters reward-based decision-making. In the present study, using [
INTRODUCTION
Marijuana (MJ) is the most commonly used illicit drug in the Unites States (National Survey on Drug Use and Health, 2008) . The acute effects of MJ are thought to involve the action of delta-9-tetra-hydrocannabinol (THC) on CB 1 receptors located principally on axons and nerve terminals (Mechoulam, 1970; Matsuda et al, 1990; Iversen, 2003) in a number of regions, including the frontal cortex, hippocampus, and cerebellum (Iversen, 2003; Eggan and Lewis, 2007) . However, the long-term impact of chronic MJ use on the brain remains poorly understood, especially with regard to more complex decision-making processes. In the present study, using [ 15 O]water PET imaging, we measured brain activity in a large sample of chronic MJ users and controls while participants performed the Iowa Gambling Task (IGT) (Bechara et al, 1994) , a commonly used measure of complex monetary decision-making. In addition to group comparisons, correlational analyses were conducted to investigate the association of two key variablesFage of first MJ use and duration of MJ useFwith brain activity.
Chronic MJ users, tested after brief abstinence periods, generally perform poorly on the IGT (Fridberg et al, 2010; Wesley et al, 2011; Whitlow et al, 2004) . One study found that performance was poor even after a 25-day period of abstinence (Bolla et al, 2005) . In addition, performance on the IGT is inversely correlated with recent MJ consumption (Hermann et al, 2009 ; but see Quednow et al, 2007) . The ventromedial prefrontal cortex (vmPFC) is thought to have a critical role in decision-making and performance on the IGT (Bechara et al, 1994 (Bechara et al, , 2000 . This region has been implicated in emotional and motivational processes, and may have a critical role in decision-making by integrating physiological signals associated with emotional states (Damasio, 1994; Bechara et al, 2000) and reward value information (Kable and Glimcher, 2007; O'Doherty, 2004) . Thus, given the evidence for poor performance on the IGT, it is possible that MJ use modifies the functionality of the vmPFC. To date, only one neuroimaging study has examined brain activity during monetary decision-making in comparison to an appropriate decision-making control condition in chronic MJ users (Bolla et al, 2005) . In this study, using [ 15 O]water PET, the investigators showed that chronic MJ users showed lower activity in the vmPFC as well as reduced activity in areas of the parietal lobe and cerebellum. However, studies that have utilized other purportedly frontally mediated tasks have reported increased activity in the frontal lobe regions in chronic MJ users who underwent limited (6-36 h; Kanayama et al, 2004) or no abstention (Gruber & Yurgelun-Todd, 2005 ) from MJ before imaging.
Thus, although there is some evidence that chronic MJ use disrupts decision-making, the effect of MJ on vmPFC function is not well characterized. To help address this issue, we measured brain activity using [
15 O]water PET imaging while participants performed the IGT in a large sample of control subjects and chronic MJ users who underwent a period of approximately 24 h of monitored abstinence from MJ before imaging. In addition to group comparisons, analyses were conducted to examine the association between the duration of MJ use and brain activity. Examining duration of MJ use is important because if greater MJ use progressively leads to changes in brain function, then duration of use should have a direct association with brain activity. Furthermore, because early MJ use may modify the normal maturation of the vmPFC, a second and related goal was to examine the effects of age of first use on brain function.
Another goal of the present study was to better characterize the decision-making deficit and associated functional brain activity by incorporating a variant version of the IGT. The disadvantageous decks on the standard IGT are associated with large immediate rewards, but even greater later punishments; thus, poor performance on the standard IGT may simply reflect an insensitivity to punishments rather than more complex decision-making. In order to tease apart these various explanations, Bechara et al, (2000) developed a variant IGT in which the advantageous decks are associated with large initial punishments, but even greater rewards. Thus, if chronic MJ users are simply insensitive to punishments, then they should perform poorly on the standard but not variant IGT. On the other hand, if chronic MJ users perform poorly on the standard and variant IGT and show significant differences in vmPFC activity on both versions of the task, this would provide further evidence for the possible long-term effects of chronic MJ use on vmPFC-mediated decision-making function.
PATIENTS AND METHODS

Participants
Participants were frequent MJ users and non-using control subjects taking part in a larger project examining MJ use and brain functioning. The MJ users had been using MJ for at least 3 years and at a rate of 5 or more times weekly on average for the last 2 years or more. Controls had not used MJ on more than 6 days in their lives or any other non-prescribed psychoactive drugs except alcohol on more than 5 days in their lives. All subjects were at least 18 years old, right-handed, and had adequate vision and hearing to perform the tasks. Exclusion criteria included history of dependence on alcohol or any illicit drugs other than MJ according to the Computerized Diagnostic Interview Schedule for DSM-IV (CDIS-IV) (Robins et al, 1999) , positive urine screening tests for illicit drugs other than MJ, history of schizophrenia, history of a manic episode or current depression, history of mental retardation or brain disease unrelated to drug use, severe obesity (in light of scanner size limitations), and current use of prescribed psychotropic drugs or other drugs or medical conditions that might affect neuroimaging or cognitive testing. We selectively recruited MJ users whose use of illicit drugs other than MJ was as limited as feasible. Drug use history was obtained using the Addiction Severity Index (McLellan et al, 1992) and locally developed instruments. Subjects were recruited by advertisements and paid $620.00 plus travel reimbursements for completing all study procedures, including the two overnight hospitalizations, adjusted up or down by 1% of their fictitious gains or losses on the IGT. The maximum possible actual adjustment based on IGT performance was $35.40 (1% of a fictitious $3540). Subjects were informed in advance of this adjustment based on IGT performance.
The experiment was conducted with the understanding and consent of each subject, following approval of the experimental protocol by the University of Iowa Institutional Review Board for the use of human subjects. The initial sample of participants consisted of 50 chronic MJ users and 38 controls. However, because of technical issues on one or more tasks, complete imaging data on all three tasks were available on 46 chronic MJ users (28 males), who were on average 24.32 years old (SD ¼ 3.85; , and 34 controls (18 males), who were on average 24.72 years old (SD ¼ 5.25; ). The average initial age of first MJ use in the chronic MJ-using group was 16.43 years old (SD ¼ 1.93, . The average duration of use for this group was 7.90 years (SD ¼ 3.62, ).
Procedure
The results reported here are for the decision-making portion of a broader PET protocol that included other tasks not relevant to questions addressed in the current analysis. Subjects participated in two overnight hospitalizations during which they were continuously housed on an inpatient clinical research unit. Their presence was verified by nursing staff every 15 min. A cognitive test session and PET scanning session were scheduled on the second days of the first and second hospitalizations, respectively. For MJ users (but not control subjects), the duration of abstinence from MJ before these sessions was constrained to be 24-29 h by having them smoke a MJ cigarette immediately following each hospital admission and urine screening for drugs of abuse. MJ users smoked a MJ cigarette provided by the National Institute on Drug Abuse, following a paced smoking procedure similar to that of Block et al, (1992) . Each cigarette contained about 22 mg THC. The cognitive test session included administration of the Quantitative and Expression subtests of the Iowa Tests of Educational Development (Hoover et al, 2003) , along with other tests (data from which will be reported separately). Participants were instructed not to use illicit drugs other than MJ for 3 days before hospitalization. Recent abstinence from drugs of abuse other than MJ (ie, amphetamine, methamphetamine, cocaine, and morphine) was verified on the morning of the PET session and the preceding morning by urine screening (ie, competitive binding immunoassay using DrugCheck Drug Test Cup, Express Diagnostics) followed, if necessary, by confirmatory gas chromatography-mass spectrometry. Subjects were excluded if they tested positive for any other drug of abuse. Negative urine tests imply that acute effects of the drugs tested are no longer present.
Chronic MJ users were also tested for cannabinoids in urine and excluded if they did not test positive.
Participants took part in two versions of the IGT as well as a third control task. The order of the control and experimental tasks were systematically varied such that the control task was performed either before or after the two experimental tasks. However, in keeping with previous studies that have used both the standard and variant IGT (eg, Bechara et al, 2002) , all participants first took part in the standard IGT task, followed by the variant IGT.
The standard IGT (A'B'C'D') is the IGT described in detail by Bechara et al, (1994) . Briefly, participants choose from one of four decks of cards over the course of 10 blocks of trials (10 trials per block). Two decks are advantageous (ie, they lead to long-term monetary gain) and two decks are disadvantageous (ie, they lead to overall monetary loss). Each card is associated with some reward and, on occasion, some cards are also associated with monetary loss. Although the rewards are high on the disadvantageous decks, the punishments are even greater. Thus, participants must learn through trial and error, which decks are advantageous and which are disadvantageous. On the variant version of the IGT (E'F'G'H'; Bechara et al, 2000) , the basic setup is the same as the standard version. However, in the variant version each card choice is associated with some amount of monetary loss and, on occasion, some monetary gain. In this case, on the advantageous decks, although the punishments are initially higher, the eventual rewards outweigh the losses, leading to overall monetary gain. Finally, in the control task, participants simply choose a card from each deck in a pre-determined manner (A-B-C-D-A-B-C-D). Thus, no decision-making was involved, but participants were still required to respond with a button press as in the other conditions. Furthermore, the gains and losses were programmed such that the cards in each deck alternate between gain only and gain plus loss. The net gain is zero for every two consecutive cards in each deck. Decks A and B involve a $100 gain on one card followed by a $100 gain plus a $200 loss on the next card; the pattern is the same for decks C and D, but the gains and losses are half as large.
Image Acquisition and Analysis
Pet imaging. PET (Hurtig et al, 1994) . The participant was instructed about the nature of the specific task to be performed (as described above) and reminded to stay as motionless as possible during image acquisition. Imaging (5 s/image frame) commenced at [
15 O]water injection (45 mCi/dose), and was timed to occur approximately during blocks 2 through 5 of the IGT, and lasted for 100 s. Data from the 40 s post-bolus transit were summed and iteratively reconstructed (2 iterations, 8 subsets; Gaussian 5.0 FWHM, zoom ¼ 2.57, 128 Â 128 matrix, 63 slices) into activity images. Parametric images (ie, 'flow' images in terms of ml/min per 100 ml) were calculated from the activity images and sampled arterial blood curves. Although fully quantitative (ie, flow images derived from arterial blood sampling) were available for a portion of the subjects, the following analyses used activity data normalized to the global mean value. Previous work at our institution has found consistent results when comparing normalized activity methods to fully quantitative imaging for analyses similar to what was done in the current investigation (Arndt et al, 1996; Block et al, 2000) .
Structural imaging. MRI scans were obtained for each subject with a standard T1-weighted MP-RAGE sequence on a 3T Siemens (Erlangen, Germany) MAGNETOM Trio scanner (TE ¼ 2.50 ms, TR ¼ 2530 ms, flip angle ¼ 10 degrees, NEX ¼ 2, FOV ¼ 256 mm, matrix ¼ 256 Â 256 mm, 1.5 mm slice thickness).
Preprocessing and Statistical Analysis
Image pre-processing was conducted using SPM5 unless otherwise noted. PET images were aligned to each subject's individual T1 image using AIR 3.0 (Woods, Grafton, Holmes, Cherry, & Mazziotta, 1998) . T1 images were warped to a Talairach template brain using a 12-point affine warping algorithm. The transformation matrix was then applied to each subject's PET image. The images were then smoothed using a 12 mm FWHM Gaussian kernel. PET data were masked using AFNI's (Cox, 1996) 3dAutomask algorithm and voxel values were normalized by dividing by the mean value for that PET scan. For the purposes of this investigation, regional cerebral blood flow (rCBF) will refer to the normalized rCBF described above.
The t-tests and regression analyses (using 3dRegAna) were carried out in AFNI. Two sets of paired t-tests for controls and chronic MJ users were computed (standard IGT vs. control IGT and variant IGT vs. control IGT).
For the between-group t-test, we first created two sets of difference images for each subject (as in the paired t-tests) and used this difference image in the between-group analyses. The difference images were also used in the regression analyses. For the chronic MJ users in the regression analyses, analyses were conducted to characterize the association between duration of MJ use, age of first MJ use, and chronological age with rCBF. Duration of use was positively correlated with chronological age [r(44) ¼ 0.87, po0.001], although the association between age of first use and chronological age was not significant [r(44) ¼ À0.14, p ¼ 0.34]. Given the strong correlation between duration of use and chronological age, associations between brain activity and these variables were expected to be highly convergent. Consequently, in order to characterize the nature of the associations, correlations were also computed between chronological age and rCBF in the control sample. To the degree that the correlations between chronological age and rCBF don't converge in the two groups, the effect of duration of use may be independent of age. For the whole-brain analyses, we used an uncorrected threshold of po0.005 with an extent threshold of 150 contiguous voxels. However, because we had previous reasons for focusing on the vmPFC, we lowered the p-value to 0.05 for these analyses and reported as significant any cluster within the vmPFC that contained at least 150 contiguous voxels of significant results.
RESULTS
Sample Characteristics
Demographic and drug use history are summarized in Table 1 . Both samples were equally well-educated. Intellectual functioning was assessed using Quantitative and Expression subtests of the Iowa Tests of Educational Development (Hoover et al, 2003) . Performance on the Iowa Tests are strongly linked to IQ scores (Spinks et al, 2007) . There were no significant differences between the control and chronic MJ groups on these tests. The proportion of males in the control (61%) and chronic MJ using group (53%) was also not significantly different (Fisher's exact test, p ¼ 0.50). As shown in Table 1 , the control group reported no regular MJ use (defined as 3 or more days of use per week on average) whereas the chronic MJ using group reported 6.26 years, on average. Given that duration of use, as reported in the Methods, was 7.90 years on average, these statistics indicate that regular MJ use was initiated roughly 1.64 years after initial use. Chronic MJ users reported using MJ almost every day within the past 30 days. Chronic MJ users were also asked to indicate how many times they used MJ in an average week during the last month. (One 'time' was defined as one smoking episode, regardless of quantity.) The mean was 11.1 times (SD ¼ 5.0, range ¼ 4-21). Alcohol consumption was not significantly different between the two groups although there was a trend for the chronic MJ-using group to have been more regular users of alcohol (defined as drinking on 3 or more days per week on average) and to have consumed alcohol more frequently in the past 30 days. There were significantly more current cigarette smokers in the chronic MJ-using group (49%) compared with the control group (3%; Fisher's exact test, po0.001), and although the cigarette use was fairly low in chronic MJ using group,they smoked significantly more number of cigarettes per day in the past year than control group subjects ( 
Behavioral Results
Performance on the IGT (number of cards chosen from the advantageous decks minus the number of cards chosen from the disadvantageous decks for each block of 10 trials averaged across all 10 blocks) for the control (mean ¼ 3.10, SD ¼ 3.72) and chronic MJ-using (mean ¼ 2.45, SD ¼ 3.06) groups did not differ on the standard version (A'B'C'D') of the IGT (t(76) ¼ 0.85, p ¼ 0.40). However, the difference in performance between control (mean ¼ 6.38, SD ¼ 3.24) and chronic MJ users (mean ¼ 4.51, SD ¼ 3.45) was significant on the variant (E'F'G'H') task (t(76) ¼ 2.44, p ¼ 0.02). As shown in Figure 1 , performance was above zero for both groups on both versions of the IGT, indicating advantageous performance on the standard and variant tasks by the controls and chronic MJ users. In terms of total amount of money won or lost, the control group (mean ¼ $445, SD ¼ $1808) and chronic MJ-users group (mean ¼ $134, SD ¼ $1572) did not differ on the standard IGT (t(76) ¼ 0.81, p ¼ 0.42). The difference between the control group's (mean ¼ $1573, SD ¼ $1251) and chronic MJ users' (mean ¼ $1041, SD ¼ $1402) earnings on the variant version of the IGT fell slightly short of significance (t(76) ¼ 1.74, p ¼ 0.09). Finally, we also examined the association between age of first use of MJ and duration of MJ use with IGT performance. None of the correlations reached conventional levels of significance (all p-values 40.05).
Neuroimaging Results
Standard IGT (A'B'C'D'). Initial analyses were conducted on the standard version of the IGT to determine what regions were active on this task compared with the control task for each group separately. The top portions of Table 2 reflect the within-group comparisons and the bottom portions of the table represent regions that were significantly different between groups. As shown in Table 2 , both groups recruited a similar set of brain regions during IGT task performance. Notably, both the control and chronic MJ-using groups showed a large cluster of activation in the vmPFC. Both groups also showed significant activity in the cerebellum. In the two group t-test, the chronic MJ users showed higher activity in the vmPFC and cerebellum compared with controls (see Figure 2) . The control group on the other hand showed greater activity in the superior temporal gyrus in comparison with the chronic MJ-using group (see also Table 2 for a complete list of within-group and two-group comparisons).
The next set of analyses examined the correlation between brain activity on the standard IGT with age of first use and duration of use. Because duration of use is also correlated with chronological age, correlations were also computed to examine the association between this variable and normalized brain activity in each of the two groups separately to establish the specificity of the associations because of duration of use. The duration and age of first use correlations are presented at the bottom of Table 3 . Associations with chronological age are presented at the top of Table 3 . Duration of use was positively correlated with rCBF in a portion of the vmPFC and negatively correlated with rCBF in the dorsal anterior cingulate. Importantly, chronological age was also positively correlated with rCBF in the vmPFC in the chronic MJ users; however, age in the control group was not correlated with rCBF in the vmPFC. As chronic MJ users reported greater tobacco use, we conducted analyses to characterize the association between tobacco use and rCBF on the standard IGT (all tobacco use analyses are based on 45 subjects as tobacco use information was not available for one subject). groups. In general, the within-group results on the variant IGT were consistent with the standard IGT findings. Notably, both the controls and chronic MJ users showed increased rCBF in the vmPFC compared with the control task, although for the chronic MJ users, this activation was part of a large cluster of mesial to lateral PFC activation that had a peak in the middle frontal gyrus (BA 10). Also, as was the case on the standard IGT task, both groups showed strong activation in the cerebellum on the variant compared with control task. In fact, the two group comparisons only revealed two regions that showed significant differences in activation. The controls, compared with chronic MJ users, showed higher rCBF in the middle temporal gyrus (BA 38). Chronic MJ users showed higher rCBF in the left insula.
Although there was no difference in rCBF in the vmPFC between the two groups on the variant IGT task, there was a significant positive correlation between rCBF and duration of use (see Table 5 ). The correlation with chronological age and rCBF in the vmPFC in the chronic MJ users was also significant, but the association with age in the controls was not. Age of first use was negatively correlated with rCBF in portions of the parietal lobe (post-central gyrus, inferior parietal lobule) and positively correlated with rCBF in the precuneus and insula. To better characterize this effect, we conducted a median split of the age of first use data and divided the two groups in half (early users and late users). The early users showed variant IGT-related activity in the insula that was significantly lower compared with the control task whereas the late users, like control subjects, did not differ in their activations in the two tasks. As with the standard IGT analyses, correlational analyses were computed to characterize the association between rCBF and tobacco use on the variant IGT. The average number of cigarettes smoked per day over the past year was negatively correlated (r ¼ À0.43) with rCBF in the vmPFC (BA 11; x ¼ 22, y ¼ 50, z ¼ À10; 245 contiguous voxels, po0.05). The average number of cigarettes smoked per day was also negatively correlated (r ¼ À0.49) with rCBF in the cerebellum (culmen; x ¼ 2, y ¼ À48, z ¼ À22; 178 contiguous voxels, po0.005).
DISCUSSION
The goal of the present study was to examine the effects of chronic MJ use on monetary decision-making and asso- Earlier age of first use was not significantly correlated with activation in the vmPFC, but was positively correlated with activation in the insula. The significance of these results and limitations of the study are discussed below. Although the acute effects of MJ on the brain are relatively well-characterized through animal studies (Iversen, 2003) , the effect of long-term MJ use remains unclear (see, eg, Jager and Ramsey, 2008) . This is a particularly salient issue given that MJ is (a) a widely used illicit drug, (b) some local and national governments have allowed the legal use of MJ for medical problems, and (c) there is an increasing push to legalize the recreational use of MJ. The present study compared brain activations between chronic MJ users and control subjects on a well-established monetary decision-making taskFthe IGT (Bechara et al, 1994) . Furthermore, in order to better characterize the effects of chronic MJ use on brain function, analyses were conducted to examine how duration of chronic MJ use and age of first MJ use relate to the location and extent of brain activations. Although some studies have examined the effect of age of first use and duration of use on neural activation patterns, these analyses were typically of a post-hoc nature and consequently were based on relatively small sample sizes (eg, Tapert et al, 2007) . In the present study, we recruited a large sample of chronic MJ users and control participants for the specific purpose of examining the effect of duration of use and age of first use on brain activations during decision-making.
Before turning to these correlations, we first discuss how the between group comparisons, both behaviorally and in terms of the functional neuroimaging results, converge with previous findings. The protocol in the present study used both standard (A'B'C'D') and variant (E'F'G'H') versions of the IGT. Unlike previous studies, we did not find differences in performance between control subjects and chronic MJ users on the standard IGT. However, the chronic MJ users did perform worse than control participants on the variant task. Importantly, although performance was worse, the chronic MJ users had a net score above zero, which indicates that they chose from the advantageous decks more than the disadvantageous decks, but not to the same degree as the control group. It is further noteworthy that participants always completed the standard IGT followed by the variant IGT. Thus, it is not clear if the poor performance on the variant IGT by the MJ group is directly related to task itself or if it is a function of the difficulty they had switching strategies from the standard IGT to the variant IGT. Arguing against this possibility is the fact that Solowij et al (2002) did not obtain a greater number of perseverative errors on the Wisconsin Card Sorting Test in MJ users compared with control subjects. Nevertheless, future studies which counter-balance the order of presentation would be better suited to examine this issue. Indeed, this is an important issue to explore because the variant IGT has punishments on each trial for all decks, but rewards on some of the decks. Performance on this task then may have real life implications in so far as many decisions involve negative repercussions, but differ in their rewarding properties. The lack of significant differences on the standard IGT was surprising given that several previous studies have reported significant group differences on this task (Bolla et al, 2005; Fridberg et al, 2010; Wesley et al, 2011; Whitlow et al, 2004) . One potential reason for this difference may have been because the chronic MJ users in our sample had relatively high scores on measures of intellectual functioning. Furthermore, studies have varied in the imposed abstinence period ranging from approximately 12 (Fridberg et al, 2010; Wesley et al, 2011; Whitlow et al, 2004) to 24 h (as in the present study) to 25 days (Bolla et al, 2005) . Also, although subjects' compensation was adjusted up or down by 1% of their fictitious gains or losses on the IGT in an effort to make the gambling situation more realistic (eg, Vadhan et al, 2009) , the impact of this adjustment based on IGT performance may have been attenuated by its small size relative to the total amount that subjects were compensated for completing all study procedures. Additional studies are clearly needed to better characterize the full extent of the decision-making deficit in chronic MJ users, especially in relation to individuals who abuse other illicit substances, such as cocaine and amphetamine (eg, Bolla et al, 2003) .
In terms of brain activation results, chronic MJ users and control participants engaged a number of common regions on the standard and variant tasks. For instance, both groups strongly activated the vmPFC and cerebellum on the IGT. However, the chronic MJ users showed significantly higher rCBF in these regions than control participants. In fact, chronic MJ users showed a bilateral increase in rCBF in the vmPFC whereas the effect was specific to the left vmPFC for the control group. The increased rCBF in the cerebellum is consistent with the findings of Bolla et al, (2005) ; however, we found higher rCBF in the vmPFC in the chronic MJ users whereas Bolla and colleagues reported lower activity in a portion of the orbitofrontal cortex overlapping with the vmPFC. Wesley et al, (2011) , who asked subjects to abstain from MJ use after midnight before a functional MRI scan, also found lower activity in the ventromedial PFC in chronic MJ users to punishment feedback on an adapted version of the IGT. However, these investigators did not include a control condition that generated rewards and punishments. Consequently, the brain activation findings cannot be isolated to decision-making processes. One possible reason for the apparently discrepant results may be related to the fact that Bolla et al, (2005) had participants undergo a 25-day abstinence period before scanning. Participants in the present study underwent a 1-day period of abstinence. Thus, although we were able to establish that very recent MJ use did not contribute to differences in brain activations, there may have been residual effects of past MJ use that may not have been attenuated to the same degree as in the study by Bolla and colleagues. In addition, there were a number of differences in MJ user samples. Notably, the MJ users in the present study were more highly educated. Also, there were more cigarette smokers in the present study. Not withstanding the discrepancy with the earlier findings by Bolla et al, (2005) , it is noteworthy that our results of greater vmPFC activity and lack of significant differences on the standard version of the IGT closely mirror the findings of an earlier study that compared control subjects to cocaine abusers on the IGT during PET imaging (Bolla et al, 2003) .
Despite this inconsistency with an earlier study, we did find that duration of MJ use was positively correlated with activity in the vmPFC in the standard and variant versions of the IGT, lending internal consistency support to our findings. Interestingly, age of first use was not correlated with rCBF in this region. Thus, the findings in the present study indicate that greater MJ use was associated with higher activity in the vmPFC during monetary decisionmaking. The increase in rCBF in the vmPFC in the present study associated with greater MJ use may reflect a number of processes. The role of the vmPFC in decision-making is complex, but a number of studies suggest that this region has a central role in integrating affectively relevant information. From the perspective of the somatic marker hypothesis (Damasio, 1994) , during the initial learning trials, various rewards and punishments elicit physiological changes. These physiological changes or somatic markers are then integrated within the vmPFC; effective integration can then provide a basis for appropriately choosing one deck over another (Bechara et al, 1999) . Computational and neuroeconomic views on the function of the vmPFC also suggest that a key role of this region is to integrate information about rewards and punishments (Hare et al, 2008; Kable & Glimcher, 2007) . Thus, findings from this study may indicate that chronic MJ users show inefficiencies in reward-punishment integration processes. Indeed, given that chronic MJ users' decision-making was equivalent (standard IGT) or worse (variant IGT) than control subjects, it seems unlikely that the greater vmPFC activity reflects better reward-punishment integration. Given that the vmPFC is also implicated in more basic aspects of reward processing (as opposed to decision-making) (Kringelbach, 2005) , another interpretation of the findings may be that the MJ users showed higher rCBF in this region because of greater sensitivity to rewards. But, undermining this possibility is the fact that all the activation findings were run against a control condition that included both punishments and rewards.
If future studies bear out the current findings, an important question to address is how chronic MJ use might alter the functionality of the vmPFC. Given the lack of significant findings with age of first use and rCBF in the vmPFC, the present results suggest that the effect may be relatively independent of age of first use. One possibility is that chronic MJ use leads to dysfunction in regions with high concentrations of cannabinoid receptors. These regions include the PFC, basal ganglia, hippocampus, and cerebellum. Indeed, several studies have shown that these very regions are disrupted in chronic MJ users (Iversen, 2003; Eggan and Lewis, 2007) . Importantly, the PFC and especially the vmPFC also has a high density of dopaminergic receptors (Berger et al, 1991) . Furthermore, there is some evidence that stimulation of cannabinoid receptors can alter dopaminergic transmission (Fox et al, 2002) . In addition, a recent study found that CB1 and D2 receptors are clearly co-localized on PFC neurons and that activation of either the CB1 or D2 receptor suppress the release of GABA, the brain's primary inhibitory neurotransmitter (Chiu et al, 2010) . Furthermore, long-term administration of THC to rats leads to an increase in dendrite length as well as dendritic branches in the medial PFC (Kolb et al, 2006) . Taken together, these results suggest that long-term use of MJ may lead to heightened activation in vmPFC neurons. Although the findings do not specifically suggest that heightened vmPFC reflects an inefficient pattern of activation in this region, they establish a mechanism for how chronic MJ use may lead to increased activity in the PFC on a task that specifically targets this region.
Although the focus of this project was on the vmPFC, there were a number of significant findings that extended beyond this region. In particular, chronic MJ users showed higher rCBF in the cerebellum (standard IGT) and in the anterior insula (variant IGT), and age of first use was associated with greater activation in the posterior insula (variant IGT). Given that these results were not specifically hypothesized and not consistent across the different versions of the tasks, they should be interpreted with caution. Nonetheless, it is noteworthy that an increase in cerebellar activity in heavy MJ users was also reported by Bolla et al, (2005) . These findings were consistent with the fact that the cerebellum is increasingly recognized as a region that is involved in a great deal more than simply motor coordination and motor learning (eg, Andreasen and Pierson, 2008; Schmahmann, 1991) . Indeed, several studies have implicated the cerebellum in probabilistic reasoning and decision-making under uncertainty (Blackwood et al, 2004) , possibly based on the representation of internal working models of behavior. Taking these findings in conjunction with the fact that chronic MJ users showed greater activity in the vmPFC, one interpretation of the data reported here is that chronic MJ users more strongly engage a set of distributed brain regions implicated in emotional decision making and integration of rewards and punishments (vmPFC) along with regions involved in action planning (cerebellum) to make advantageous decisions. Although the greater vmPFC and cerebellar activity is consistent with an inefficient processing view as mentioned earlier, it is important to note that higher activity in it of itself should not be taken to reflect a dysfunction in the brain. Given that the results presented here were inconsistent with the neuroimaging findings of Bolla et al, (2005) , further research is needed to clarify the effects of chronic MJ use on the vmPFC, as well as other brain regions.
The analyses presented here also indicate that duration of MJ use was, in general, a much stronger predictor of activity in brain regions implicated in decision-making than age of first use. Importantly, our analyses indicate that chronological age does not appear to account for the association between duration of use and brain function as chronological age was not correlated with activity in these regions in the control group. The one exception to the absence of age of first use findings was in the insula. Although age of first use was positively correlated with activity in this region, followup analyses actually revealed a more complex association. Early MJ users showed higher activity on the control compared to the variant IGT whereas later MJ users showed equivalent activity on the variant and control task. Thus, the results indicate that early use was associated with a failure to recruit the insula on the variant IGT. Thus, it is not clear why early use of MJ would lead to lower activity in the insula on the variant IGT. This is a potentially important finding and should be investigated further, especially because of the role of the insula in awareness of internal states (Craig, 2002 (Craig, , 2009 ) as well as the link between insulamediated feelings of craving and addiction to nicotine (Naqvi et al, 2007) .
LIMITATIONS AND CONCLUSIONS
Although there are a number of important implications of the findings presented here, they should be interpreted within the context of several limitations. Although the results of this study are consistent with the notion that chronic MJ use modifies brain functioning associated with monetary decision-making, the design of the present study does not allow for a causal conclusion about the link between MJ use and brain function or decision-making. Altough the present study was intended to focus on chronic effects of MJ use, several alternative explanations of the findings cannot be excluded. The 1-day period of abstinence from MJ that we required provided us with the resources to test substantially more individuals than would have been feasible with prolonged abstinence. This abstinence period was chosen in an effort to jointly minimize the risks of putative long-lasting acute effects (Leirer et al, 1991) and abstinence effects (Haney et al, 1999a,b) . However, neither can be excluded with certainty. Moreover, cannabinoids are extremely lipid soluble, accumulate in fatty tissues, and are then slowly released back into other body compartments (Ashton, 2001) . Cannabinoids may remain detectable in urine of frequent MJ users for 4 weeks (Pope et al, 2001a) or longer. Theoretically, some effects of chronic MJ use on cognition and brain function might persist for a number of days following abstinence, but disappear after more prolonged abstinence periods (Pope et al, 2001b) . Such short-term effects may not reflect frank MJ-induced neurotoxicity. Although release of cannabinoids from fatty tissues back into the systemic circulation may not sustain blood levels high enough to affect brain function for very long, it is possible that THC or its metabolites may continue to bind to receptors even after a 24-h period of abstinence, ultimately leading to increased activity in certain brain regions like the vmPFC. Indeed, this may explain why the present study, which implemented a 24-h abstinence, found increased vmPFC activity, and the study by Bolla et al, (2005) , which utilized a 25-day period of abstinence, found evidence for reduced activity in chronic MJ users in this region. Studies that involve prolonged abstinence or that focus on former MJ users who have ceased to use the drug may still not eliminate the possibility of very protracted but non-permanent effects of certain kinds (Schuckit et al, 1994) and may have increased susceptibility to selection bias (Pope et al, 2001a) . A single study cannot address all these possibilities. Converging results from studies using different approaches are needed to reach confident conclusions. In addition, it is possible that participants who use MJ have a pre-existing propensity to over-recruit and underrecruit certain brain regions. Furthermore, although we found significant correlations between rCBF and duration of use, it is similarly possible that individuals who ultimately use MJ for a longer amount of time had distinct neural profiles before use. In addition, whereas the chronic MJ users had a clear preference for MJ compared to other drugs, some subjects reported use of other illicit drugs besides MJ in the past. Chronic MJ users also reported smoking cigarettes significantly more than control participants. In this regard, it is important to note that existing evidence suggests that moderate levels of tobacco use is unrelated to performance on the IGT (Businelle et al, 2008; Harmsen et al, 2006) . Moreover, in the present study, MJ use and tobacco use were not significantly correlated with one another in the MJ group. In fact, tobacco use was negatively correlated with rCBF in the vmPFC, whereas duration of MJ use was positively correlated with rCBF in the vmPFC. Thus, tobacco use does not appear to account for the association between duration of MJ use and activity in the vmPFC on the IGT. Nevertheless, these results should be more broadly interpreted as being reflective of an MJusing lifestyle (which may include use of some other drugs) rather than MJ per se (Jager et al, 2010) because we cannot exclude the effect of other drug use on the results. Finally, the potential for acute effects and abstinence effects of caffeine and nicotine among habitual users of these drugs is also of concern in functional neuroimaging studies (Dager and Friedman, 2000; Field et al, 2003) . We attempted to minimize such effects by imposing modest limitations on caffeine and nicotine use. Although such effects cannot be excluded with certainty, few subjects used caffeine or nicotine on the morning of the PET session, which may suggest that such effects were not a significant problem.
Despite these limitations, the results presented here provide further evidence that MJ may alter brain functioning. The findings from this study extend previous human neuroimaging findings that have focused more on purely cognitive processes by examining brain activation on a monetary decision-making task. We hope these findings spur further research to examine the effects of chronic MJ use on motivational processes and decision-making. Indeed, this line of research will have a critical role in forming scientifically based national drug policies.
